Otx1 and Otx2 genes are mouse cognates of a Drosophila head gap gene orthodenticle. The homozygous mutants have previously indicated that Otx2 is essential to development of structures anterior to rhombomere 3, probably reflecting its expression around the early primitive streak stage. Otx2 mutation also exhibits craniofacial defects by haplo-insufficiency. Affected structures correspond to the most anterior and most posterior parts of the Otx2 expression where Otx1 is not, or is only weakly, expressed at the time of brain regionalization. No apparent defects are found in early brain development by the Otx1 mutation, suggesting that the Otx1 and Otx2 functions overlap in the regions where both are expressed. To demonstrate this, the Otx1/Otx2 double heterozygous phenotype was examined in this study. Analyses with molecular markers at 9.5 days post coitus suggested the failure in development of mesencephalon and caudal diencephalon with the expansion of anterior metencephalon. Genes expressed in isthmus exhibited a characteristic lateral stripe normally, although rostrally shifted, except that Fgf8 expression was expanded dorsally. The defects were apparent at the 6-somite stage, but not at the 3-somite stage. Broad Fgf8 expression at the 3-somite stage took place normally, but it did not concentrate into a spot corresponding to future isthmus. The double heterozygous phenotype implicates a previously unsuspected mechanism for development of the mes/metencephalic territory; at the 3-to 6-somite stage Otx1 cooperates with Otx2 to establish the mes/diencephalic domain, allowing for the correct development of isthmus/ rhombomere 1.
Introduction
The mechanism of developmental patterning in rostral brain, forebrain and midbrain, which is a structure unique to vertebrates, is one of the most intriguing issues in developmental biology. Although much has recently been clarified on genetic mechanisms that control patterning of segmental development in spinal cord and hindbrain (Lumsden, 1990) , little is known about genetic mechanisms for the development of the rostral brain. Several neuromeric or prosomeric models have been presented (Figdor and Stern, 1993; Puelles and Rubenstein, 1993) , but it is still not certain whether this region is also developed by a segmental or metamerical plan. Spemann (1931) and Mangold (1933) distinguished the head organizer from the trunk organizer, and several genes have now been identified as head organizer components; these include Otx2 and Lim1 (Acampora et al., 1995; Matsuo et al., 1995; Shawlot and Behringer, 1995; Ang et al., 1996) . Disruption of Otx2 and Lim1 genes in mouse causes developmental failure of structures anterior to rhombomere 3 (r3). The role of anterior node-derivatives, where both Otx2 and Lim1 are expressed, in the development of the rostral brain has been suggested by many studies (Spemann and Mangold, 1924; Slack and Tannahill, 1992; Storey et al., 1992; Doniach, 1993; Ang et al., 1994) , while several recent mutant studies suggest the non-essential role of prechordal mesoderm in anterior-posterior (A-P) patterning of the brain (Ang et al., 1994; Weinstein et al., 1994; Chiang et al., 1996; Schier et al., 1997) . In addition, removal of the embryonic shield from zebrafish embryos does not prevent 10 .5 dpc, (e,f) 13.5 dpc and (g,h) 17.5 dpc. Arrows indicate sulcus telodiencephalicus, arrowheads indicate isthmic constriction, and open arrowheads indicate lesser isthmic constriction in the double mutants. Asterisks in (f,h) indicate the truncated region adjacent anteriorly to isthmus (see Fig. 5 and the text). Abbreviations: di, diencephalon; ge, ganglionic eminence; m, mammillary region; mes, mesencephalon; met, metencephalon; ov, otic vesicle; te, telencephalon. Scale bars, 500 mm. 126 rostral brain development (Shih and Fraser, 1996) , and some A-P patterning occurs in Xenopus Keller explants (Mathers et al., 1995) . Determination of the A-P axis in mammals is considered to preceed primitive streak formation, and the role of visceral endoderm in A-P specification has recently been suggested (Thomas and Beddington, 1996; Varlet et al., 1997) . The Otx2 and Lim1, along with cerberus, Rpx1/ Hesx1 and nodal, are expressed in the anterior primitive endoderm as well (Bouwmeester et al., 1996; Thomas and Beddington, 1996; Hermesz et al., 1996; Varlet et al., 1997) .
At the neurula stage, the vertebrate rostral brain develops as prosencephalic and mesencephalic vesicles. Prosencephalon develops into diencephalon and secondary prosencephalon, of which alar plates protrude as telencephalon (Puelles et al., 1987) . The mesencephalic vesicle comprises mesencephalon (mes) and anterior metencephalon (met) which generates cerebellum . A series of gene-candidates that play functional roles at different levels of this regionalization have been suggested (Puelles and Rubenstein, 1993) . In particular, Wnt1, En, Pax and Fgf8 are thought to be key elements of a genetic cascade leading to mes-met development Rowitch and McMahon, 1995; Danielian and McMahon, 1996; Joyner, 1996) .
Wnt1 is expressed in the regions encompassing diencephalon, mesencephalon and isthmus, and its mouse mutant does not develop these regions (McMahon and Bradley, 1990; Thomas and Capecchi, 1990; McMahon et al., 1992) . En1 and En2 are expressed in midbrain and hindbrain, and their mutants fail to develop the corresponding structures (Joyner et al., 1991; Wurst et al., 1994; Joyner, 1996) . In Drosophila Wnt and En gene cognates, wingless (wg) and engrailed (en) are suggested not only to function as segment polarity genes in development of the trunk region, but also to participate in head and brain development Finkelstein, 1995, 1996) . Pax2 and Pax5 genes are expressed in midbrain and hindbrain, and their double mutation results in complete loss of the posterior midbrain and cerebellum (Urbanek et al., 1994 (Urbanek et al., , 1997 . Fgf8 is expressed in isthmus which is demonstrated by chick-quail transplantation studies to function as organizer for the development of midbrain (Marin and Puelles, 1994; Crossley and Martin, 1995) ; the isthmus is probably a source of morphogens, and midbrain development is regulated by graded positional information from the isthmus. Fgf8 protein beads induced ectopic midbrain in the caudal forebrain (Crossley et al., 1996) , and its overexpression under Wnt1 gene enhancer generated massive overgrowth of mesencephalon and diencephalon (Lee et al., 1997) . However, details of the molecular mechanisms to define the mes-met territory and to distinguish and specify each domain within it, allowing the correct development of isthmus organizer, have not yet been elucidated.
The Hox cluster genes that control segmental patterning in hindbrain and trunk regions (McGinnis and Krumlauf, 1992) are not expressed in rostral brain, instead, non-Hox homeobox genes appear to play roles in its regionalization. Among them, Otx1 and Otx2, and Emx1 and Emx2 genes are the mouse cognates of Drosophila head gap genes, orthodenticle (otd) and empty spiracles (ems), respectively (Simeone et al., 1992a,b) . In Drosophila the mutational inactivation of these cognates results in loss of specific epidermal head segments and embryonic brain segments (Cohen and Jürgens, 1990; Finkelstein and Perrimon, 1990; Hirth et al., 1995) . In mouse, at the neurula stage Otx2 expression is first established in rostral brain with the caudal limit at the mid/hindbrain junction (Simeone et al., 1993) . Thereafter, expressions of Otx1, Emx2 and Emx1 genes occur in this order in more limited regions around 8-9 dpc (days post coitus) (Simeone et al., 1992a; Simeone et al., 1993) when regionalization of the rostral brain takes place. To define the functions of these genes in development of rostral brain, analyses have been made with their mutant mice. The mutant phenotype has suggested that Emx genes have critical functions in the development of telencephalon (Pellegrini et al., 1996; Yoshida et al., 1997) . Structures affected by Otx2 haplo-insufficiency correspond to the most anterior and most posterior parts of the Otx2 expression where Otx1 is not, or is only weakly, expressed (Matsuo et al., 1995) . No apparent defects are found in early brain development by the Otx1 mutation (Acampora et al., 1996; Suda et al., 1996) , suggesting that the Otx1 and Otx2 functions overlap in the regions where both are expressed (Suda et al., 1996) .
In this study, we examined the early regional patterning in Otx1 and Otx2 double heterozygous brain in detail, in order to clarify the functions of these genes. The analyses have indicated the cooperation of Otx1 and Otx2 genes in the establishment of mesencephalon and caudal diencephalon. The double heterozygous phenotype also implicates a previously unsuspected mechanism for development of the mes-met territory.
Results

Genetic background of mice and early double heterozygous brain phenotype
The Otx1/Otx2 double heterozygous phenotype was influenced by the genetic background of mice as is the Otx2 heterozygous phenotype (Matsuo et al., 1995) . Our ES cells, TT2, derived from an F1 embryo between C57BL/6 and CBA mice, F1 Otx2 heterozygotes from crosses of chimeras with C57BL/6 females exhibit craniofacial defects, and only a few fertile heterozygotes are available (Matsuo et al., 1995) . Therefore, chimeras were mated with CBA females, and Otx2 heterozygotes have been maintained by crosses with CBA females. Otx2 heterozygous mutation caused no apparent defects under this background (Otx2(C)). No abnormalities were found in F1 Otx1 hetero- zygotes obtained by crosses of chimeras with either C57BL/ 6 or CBA females. Intercrosses among F1 heterozygotes generated few fertile Otx1 homozygotes in either genetic background. No effects of genetic background, CBA or C57BL/6, were found in Otx1 mutation (Suda et al., 1996) . Otx1 heterozygotes have been maintained in each
genetic background (hereafter designated as Otx1(C) and Otx1(B), respectively). F2 and F3 generations of these heterozygous mice were the sources for the present analysis. In the double heterozygotes by crosses between Otx1(C) and Otx2(C) heterozygotes, the phenotype was variable and the penetrance of the defects in early brain development described below was relatively low, although the double mutants died postnatally for unknown reasons. In contrast, the double heterozygotes by crosses between Otx1(B) and Otx2(C) heterozygotes exhibited the following defects in early brain patterning; variation of the phenotype was minimal among more than 200 double heterozygous embryos examined. Inevitably, the analyses of early brain patterning were made in the double heterozygotes from Otx1(B) and Otx2(C) single heterozygotes. The double mutants were able to grow to prenatal stage, but none of them was liveborn. No examinations could be made on Otx1
In early double heterozygous brains at 10.5 dpc, the enlargement of the region between otic vesicles and isthmic constriction was profound, with shortening of the region between the constriction and sulcus telodiencephalicus ( Fig. 1a-d) . Histoanatomically, telencephalon was smaller, the invagination of the sulcus telodiencephalicus was poor, and the isthmic constriction was not distinct. The neuroepithelium was thin, especially in the greatly-reduced region caudal to the sulcus telodiencephalicus and rostral to the isthmic constriction. Under the present genetic background these defects at 10.5 dpc were consistently preserved through development to the prenatal stage, with little variation ( Fig. 1e-h ) (Suda et al., 1996) . In prenatal double heterozygotes, midbrain, pretectum (p1) and dorsal thalamus
Fig (p2) were vestigial, while the zona limitans (ZLI), which divides dorsal and ventral thalamus was present, and defects were milder in the ventral thalamus (p3). Cerebral hemispheres were smaller, and the hippocampal region was reduced in size. Anomalies were more profound in the dorsal part, while ventral structures were relatively normal. In contrast, the anterior hindbrain, cerebellum and pons, was expanded. Thus structures lost in the 10.5 dpc double heterozygous brain are most likely to correspond to p1/p2 diencephalon and mesencephalon, although this cannot be concluded by histoanatomical observation at this stage.
Expansion of anterior metencephalon and developmental failure of mesencephalon and caudal diencephalon
To determine the region affected by the double heterozygous mutation, analyses were made with several molecular markers at 9.5 dpc. Normally Pax2 is expressed in the anterior metencephalon or the isthmic region and commissural plate (Rowitch and McMahon, 1995) . Gbx2 expression in metencephalon is adjacent to isthmus anteriorly (Fig.  2a,c) (Bulfone et al., 1992) . Pax2 expression in the commissural plate was unchanged, but Pax2 and Gbx2 expression in characteristic stripes at the isthmus shifted rostrally in the double heterozygotes (Fig. 2b,d ). The stripes themselves were grossly normal, although the Pax2-stripe was slightly enlarged. Concomitantly, the distance between the Pax2-or Gbx2-positive stripe and otic vesicles was enlarged. No difference was found in Krox20 expression that detects r3 and r5, however ( Fig. 2e,f ; see also Fig. 8e ,f) (Wilkinson et al., 1989) , suggesting that the enlarged region in the double heterozygous hindbrain did not extend to r3.
En2 is normally expressed from midbrain to r1 (Fig. 3a ) . In the double heterozygotes, the region between the anterior end of the En2 expression and the sulcus telodiencephalicus that normally constitutes the diencephalon was greatly narrowed (Fig. 3b) . In contrast, the region between the caudal end of En2 expression and the otic vesicle was enlarged. The En2-positive region itself was largely unchanged, although somewhat reduced and anteriorly located. Normally Wnt1 expression constitutes a characteristic stripe at the isthmus, and dorsally it is expressed from the isthmus to part of the p2 diencephalon ( Fig. 3c) (Parr et al., 1993) . In the double heterozygotes, the dorsal expression was greatly narrowed (Fig. 3d) . The Wnt1-negative region between the anterior end of the Wnt1 expression and the sulcus telodiencephalicus, which normally constitutes the anterior diencephalon, was also narrow. Of note is that in the roof of this Wnt1-negative region there existed a line of cells that expressed Wnt1 (data not shown). In contrast, the region between the stripe at the isthmus and the anterior end of the Wnt1-positive metencephalon, which normally constitutes r1, was greatly enlarged. Although anteriorly located, the Wnt1-positive stripe itself was nearly unchanged. Sometimes the dorsal Wnt1 expression extended caudally beyond the stripe (Fig. 3d ), but at other times its caudal end coincided with the stripe (data not shown).
Normal Fgf8 expression is confined to the isthmus in the stripe (Fig. 3e) (Crossley and Martin, 1995) . The stripe existed in the double heterozygotes, although it was slightly enlarged and anteriorly shifted; the dorsal Fgf8 expression, however, was enlarged rostrally from the stripe. Its caudal end sometimes extended beyond the stripe at the isthmus (Fig. 3f) but at other times coincided with the stripe (data not shown). Anteriorly, normal Fgf8 expression is also found in the p3 dorsal diencephalon and commissural plate (Fig. 3e) (Crossley and Martin, 1995) . Corresponding expressions were found in the double heterozygotes. Concomitantly, the Fgf8-negative region between the anterior expression at the p3 diencephalon and the posterior expression around isthmus, which normally corresponds to the mesencephalon and the p1/p2 diencephalon, was very narrow in the double mutants.
Shh is normally expressed in ZLI, that divides p2 and p3 diencephalon (Echelard et al., 1993; Ericson et al., 1995; Shimamura et al., 1995) . Its expression was less distinct in the 10.5 dpc double heterozygotes, but existed at 11.5 dpc Fig. 5 . Summary of marker analyses at 9.5 dpc. Expressions in the stripe at the isthmus are represented by ellipses. In Otx1/Otx2 double heterozygous mutants, the dorsal Wnt1 and Fgf8 expressions sometimes extended caudally beyond the stripe, but at other times the caudal end coincided with the stripe. In addition, Wnt1 was expressed in a line of cells at the roof of p3 diencephalon (see text). These expressions are represented by dotted lines. (data not shown). Normal Pax6 expression is found in the telencephalon and diencephalon (Fig. 4a) (Walther and Gruss, 1991; Stoykova et al., 1996) . In the double mutant, the Pax6-positive diencephalon was greatly reduced (Fig.  4b) . In contrast, Wnt7b expression that normally occurs in p3 diencephalon and telencephalon (Fig. 4c) (Parr et al., 1993) was nearly unchanged in the double mutants (Fig.  4d) . Thus p1 and p2 diencephalon may be greatly reduced. The Emx2 expression in the telencephalon was found to be almost normal in the double heterozygotes (Fig. 4e,f) . Normally Otx1 and Otx2 are expressed in the forebrain and midbrain with the caudal limit at the mid/hindbrain junction (Fig. 4g,h) (Simeone et al., 1993) . Their expressions caudal to the sulcus telodiencephalicus were greatly narrowed (Fig.  4i,j) ; the caudal limits appeared to abut the anteriorly shifted Pax2-, Wnt1-and Fgf8-positive lateral stripe at the isthmus in the double mutants. Fig. 5 summarizes these marker analyses. It indicates the great reduction of the mesencephalon and p1/p2 diencephalon with the expansion and anterior shift of r1 in the double heterozygotes. The p3 diencephalon and telencephalon developed relatively normally, although somewhat reduced. The development of r3 and more caudal hindbrain was normal. Isthmic genes are normally expressed in the stripe, but it shifted anteriorly with the truncation of the adjacent rostral region. En2 expression appeared largely unchanged, but it was most likely brought about by expansion of r1 in compensation for midbrain truncation. These are consistent with the histoanatomical observation at 10.5 dpc and the perinatal phenotype (Fig. 1) . The molecular codes of the truncated region rostral to the isthmic stripe corresponded largely to those of the mesencephalon and p1/p2 diencephalon, suggesting underdevelopment of these regions, but Fgf8 was abnormally expressed. Histoanatomically, this region was truncated through later development in the double heterozygotes (Fig. 1) , but a detailed tracing of the region for the structures it generates remains for future studies. To define the region, this study concentrated on the onset of the defects.
Onset of defects during the 3-to 6-somite stages
The Otx2 expression in the anterior neuroectoderm starts earlier at the primitive streak stage, and the occurrence of the defects in the double heterozygotes implies that the defects should tightly associate with the onset of Otx1 function. We therefore examined early Otx1 expression. The normal expression took place weakly at the 3-somite stage, and became distinct at the 6-somite stage (Fig. 6a,c) (Simeone et al., 1992b) . No change was apparent in the Otx1 expression at the 3-somite stage, but the expression at the 6-somite stage was greatly narrowed by the double heterozygous mutation (Fig. 6b,d) . Otx2 expression at the 3-somite stage was also unchanged, and was greatly limited at the 6-somite stage in the double mutants (Fig.  6e-h ). Of note is that the caudal limits of Otx1 and Otx2 expressions were less distinct in the double heterozygotes at the 6-somite stage.
Similarly, no difference was found in Wnt1 expression at the 3-somite stage (Fig. 7a,b) , but the Wnt1-positive domain was greatly narrowed and anteriorly located at the 6-somite stage in the double heterozygotes (Fig. 7c,d ). At the 8-somite stage Wnt1-positive cells accumulated in the posterior end of Wnt1 expression domain (data not shown), suggesting the formation of the mid-hindbrain border in the double mutants . En1 expression was also apparently normal at the 3-somite stage, but anteriorly shifted at the 6-somite stage (Fig. 7e-h ). Normal Fgf8 expression for future isthmus was found faintly and broadly at the 3-somite stage, concentrated with increase in intensity at the 6-somite stage and converged into a spot at the 8-somite stage (Fig. 8a,c) . The expression at the 3-somite stage occurred normally (Fig. 8b) , and the intensity increased thereafter but no concentration of Fgf8-positive cells was found in the double heterozygotes (Fig. 8d) . In contrast, broad Pax2 expression at the 3-somite stage occurred normally in the double mutants (Fig. 8e,f) , and at the 6-somite stage it also normally concentrated, although anteriorly shifted, along with normal emergence of its expression in the optic placode (Fig. 8g,h ). The anterior end of normal Gbx2 expression was vague at the 3-somite stage, but became intense at the future isthmus by the 6-somite stage (Fig. 8i,k) . In the double heterozygous mutants this Gbx2 expression was found normally although rostrally shifted at the 6-somite stage (Fig. 8j,l) . Thus the onset of defects in the double heterozygotes lies during the 3-to 6-somite stages. No discrepancy was apparent in these marker expressions at the 6-somite stage from those at 9.5 dpc.
Otx2(B), Otx2(C), Otx1(B)
or Otx1(C) single heterozygotes did not show any changes in these marker expressions from wild type embryos.
Discussion
The fact that the Otx1 −/ − Otx2 +/ + phenotype is subtle but the Otx1 +/ − Otx2 +/ − phenotype is marked suggests the intricate regulation of their target genes for development of rostral brain by these transcriptional factors (Suda et al., 1996) . In addition, the phenotype is affected by the genetic background of mice, suggesting the presence of a modifier gene(s). Thus the interpretation of the molecular mechanism underlying the phenotype is not simple. Under the genetic background used in this study, however, all double heterozygotes examined exhibited similar brain defects, and neither Otx1 nor Otx2 single heterozygotes displayed any brain abnormalities.
Previously we have reported craniofacial defects in Otx2 single heterozygotes under C57BL/6 background. The affected structures in the heterozygotes correspond to the most anterior and posterior parts of Otx2 expressions where Otx1 is not expressed; these include olfactory bulb, eyes, hypophysis, inferior colliculus and midbrain neural crestderived structures. They never exhibited defects in midbrain and forebrain, as seen by the Otx1/Otx2 double heterozygous mutation in the present study. Accordingly, the Otx2(B) single heterozygotes did not show any abnormalities in marker analyses of the present study except the less
distinct caudal limit of the Otx2 expression at 10.5 dpc, as previously reported (Matsuo et al., 1995) . Mesencephalon and anterior metencephalon develop as a unit, the mesencephalic vesicle . Studies in chick embryos have provided evidence that the interneuromeric boundary separating the primordia of mesencephalon and cerebellum coincides with the boundary of Otx2 expression Millet et al., 1996) . The Otx2-positive portion of the mesencephalic vesicle gives rise to the mesencephalon. The Otx2-negative portion, on the other hand, gives rise to the rostral r1 that corresponds to the mesencephalon-derived cerebellar primordia depicted by fate map experiments with chick-quail transplantation (Martinez and Alvarado-Mallart, 1989; Hallonet et al., 1990) . The mesencephalic vesicle is also found in mouse embryos, and at 9.5 dpc the caudal limit of Otx2 expression represents the boundary between the mesencephalic and isthmo-cerebellar presumptive territories (Millet et al., 1996) . Thus, Otx gene products may be essential for establishment of the mes/ metencephalic subdivision. The double heterozygous brain possibly failed to establish the subdivision, and mesencephalon and p1/p2 diencephalon were greatly reduced with the expansion of r1 (Fig. 5) . The present analysis could not tell whether r2 was also expanded, but the expansion did not extend to r3, and defects were mild in p3 diencephalon and telencephalon. This study focused on the onset of the defects.
Otx2 expression in anterior neuroectoderm occurs during the primitive streak stage (Simeone et al., 1993) . The caudal limit of Otx2 expression is not well defined at the 3-somite stage and becomes distinct in the presumptive mid/hindbrain junction at the 6-somite stage (Fig. 6e,g ) (Millet et al., 1996) . The Wnt1 expression is weak, and its caudal limit is not defined at the 3-somite stage; it becomes sharper at the 6-somite stage and distinct at the 8-somite stage in isthmus (Fig. 7a,c) . Fgf8 and Pax2 expressions are first detected at the 3-somite stage weakly and broadly, become intense, concentrate at the 6-somite stage, and confine into a spot at the 8-somite stage (Fig.  8a,c,e,g,i) . The Gbx2 expression in the future isthmus is vague at the 3-somite stage, but becomes intense at the 6-somite stage (Fig. 8i,k) . The Otx1 expression occurs at the 3-somite stage, becomes intense at the 6-somite stage, and its caudal limit is distinct at the 8-somite stage. The double heterozygous defects were apparent as early as the 6-somite stage, but no abnormality was found at the 3-somite stage. Thus it is likely that the brain regionalization takes place Fig. 8 . Fgf8, Pax2 and Gbx2 expressions during the 3-to 6-somite stages. (a,c,e,g,i,k) Wild type embryos and (b,d,f,h,j,l) double heterozygotes. Fgf8 expressions at the 3-somite stage (a,b) and at the 6-somite stage (c,d) . Pax2 expressions at the 3-somite stage (e,f) and at the 6-somite stage (g,h) . Gbx2 expressions at the 3-somite stage (i,j) and at the 6-somite stage (k,l). Krox20 expressions are also shown in (e,f) to detect r3. Open triangles indicate the limits of each expression, and stars indicate the position of optic placode.
during the 3-to 6-somite stages, and mesencephalon and caudal diencephalon failed to establish properly by Otxinsufficiency in the double heterozygotes. One can, however, say that the territory is already established at the 3-somite stage; it occurred normally in the double heterozygotes, but the mesencephalon and caudal diencephalon, once established, could not keep developing normally during the 3-to 6-somite stages, because of the Otx-insufficiency. In the 9.5 dpc double heterozygous brains, the enlargement of Fgf8 expression that is normally unique to isthmus was striking. It has been demonstrated that the isthmic region or Fgf8 itself is enough to induce midbrain. Isthmus and Fgf8-beads generate mirror-image midbrain duplication when ectopically transplanted at the caudal forebrain in avian (Marin and Puelles, 1994; Crossley et al., 1996) . Fgf8-overexpression under Wnt1 enhancer causes massive outgrowth of mesencephalon and diencephalon in mouse (Lee et al., 1997) . These results would suggest hyperplasia of the midbrain by the expansion of Fgf8-positive domain in the double heterozygotes. The contradictory result coincides with the developmental failure of the brain region, as noted above, that is susceptible to Fgf8 by the double heterozygous mutation. Thus Otx genes may function upstream of Fgf8 signaling for development of mesencephalon and caudal diencephalon. Indeed, recent studies suggest Fgf8 does not participate in the establishment of the midbrain territory itself (Crossley et al., 1996; Lee et al., 1997) . Instead, the Fgf8 signaling appears to give A-P polarity in the susceptible region, mesencephalon and diencephalon, by regulating growth and differentiation through its targets such as graded expression of En-2 and ELF-1 genes (Lee et al., 1997) . Fgf8 ectopic expression in dorsal mesencephalon and diencephalon under Wnt1 enhancer generated the A-P character of gradient along the dorso-ventral axis of these regions. In Drosophila head, wg and en are hypothesized to be targets of the head gap genes otd, ems and button head (Royet and Finkelstein, 1995) . It is possible that Otx genes activate and maintain Wnt expressions for development of mesencephalon and diencephalon.
At 10.5 dpc, dorsal isthmic constriction was obscured, but the lateral expressions in the stripe, characteristic of the isthmus, of Fgf8, Wnt1, Pax2 and Gbx2 were grossly normal at 9.5 dpc. The establishment of isthmus is argued at the 8-somite stage as an accumulation of Wnt1-positive cells in the posterior end of the Wnt1 expression domain (BallyCuif and Wassef, 1995) . In this Wnt1-criteria the isthmus is established in the double heterozygotes at the 8-somite stage. In brain regionalization from the 3-somite stage to the 6-somite stage conspicuous was the change in Fgf8 expression. Normally, Fgf8 expression first took place broadly at the 3-somite stage, and with an increase in intensity it converged to a spot corresponding to a future isthmus. In the double heterozygotes the broad expression occurred normally at the 3-somite stage, and its intensity increased by the 6-somite stage. The expression, however, remained broad without converging to a spot. Thus, Otx functions might normally generate the concentration of Fgf8 expression at the 3-to 6-somite stage.
It remains to future studies how Otx2 and Fgf8 interact in the establishment of the mid-hindbrain border. There may be a critical threshold in Otx expressions to establish their distinct caudal limits at mes-met border and to confine the Fgf8 expression in the future isthmus during 3-to 6-somite stages. The broad and weak Fgf8 expression at the 3-somite stage partly overlaps with Otx2 expression, but the Otx and Fgf8 expressions could be mutually exclusive at the individual cell level. It is possible that beyond a certain threshold the Otx expressions suppress the Fgf8 expression, thereby establishing the mid-hindbrain border. It is also possible that beyond a threshold the Otx expressions segregate Otx-and Fgf8-positive cells. In zebrafish, Otx expression is known to change cell adhesion property and cell movement (Eric S. Weinberg and Tohru Murakami, pers. commun.). Rostrocaudal morphogenetic movement is reported to take place between the HH10 and HH16 stages of chick embryos in the mediodorsal part of the caudal Otx2-positive domain (Millet et al., 1996) . Of note is that, in contrast to Fgf8, the broad expression of another isthmic gene, Pax2, at the 3-somite stage was normally concentrated at the 6-somite stage in the double mutants; Pax2 was not expressed in the Fgf8-positive region anterior to isthmic stripe at 9.5 dpc either. Gbx2 was recently shown to be essential for the establishment of the isthmic organizer (Wassarman et al., 1997) , but its expression was apparently unaffected, although rostrally shifted, by the double heterozygous mutation. Thus, the double heterozygous phenotype implicates a previously unsuspected mechanism for development of the mes-met territory. The r1 expansion may be caused by a signal(s) from the expanded Fgf8-positive domain, or normally inhibitory factors for the development of the isthmo-cerebellar region might be secreted from the mesencephalon under Otx genes.
In Drosophila each head subdomain appears to require different otd levels (Royet and Finkelstein, 1995) . Here we focused on Otx functions in development of mesencephalon and caudal diencephalon, but it is on the basis of the phenotype at the double heterozygous state. Even at this stage, being influenced by the genetic background of mice, development of the ventral thalamus was affected, and the cerebral hemispheres were smaller. The hippocampus, dentate gyrus and fimbria were reduced in size, and even entirely lacking in the double heterozygotes by crosses between Otx1(B) +/− and Otx2(B) +/− mice (Suda et al., 1996;  unpublished data). It is known that the Emx2 mutant is essential in the development of the hippocampal region (Pellegrini et al., 1996; Yoshida et al., 1997) , and Otx and Emx genes may interact for development of the telencephalon. Its development, however, may require a lower Otx gene dosage, being grossly sufficient at the Otx1/Otx2 double heterozygous state. Defects were also not marked in ventral structures by the double heterozygous mutation under the present genetic background. Under the Otx2(B) and Otx1(B) background, however, the double heterozygotes exhibited defects in ventral structures such as hypophysis, hypothalamus and mammillary body (Suda et al., 1996; unpublished data) . It may not be extraordinary to imagine that the entire rostral brain will be lost when Otx2 and Otx1 genes are double-homozygously mutated with the rescue of the earlier Otx2 function at the primitive streak stage.
Experimental procedures
Mutant mice
Mutant mice were generated by homologous recombination with TT2 ES cells as previously described (Yagi et al., 1993a,b; Matsuo et al., 1995; Suda et al., 1996) . The genetic background of the mice used in the present study was described in Section 2. The mice were housed in environmentally-controlled rooms of the Laboratory Animal Research Center of Kumamoto University School of Medicine under university guidelines for animal and recombinant DNA experiments.
Genotyping of wild type and mutant alleles
Genotypes of newborn mice and embryos were routinely determined by PCR analyses and confirmed, when necessary, by Southern blot analyses with genomic DNAs prepared from tails or yolk sacs. Genotypes were identified by using appropriate combinations of oligonucleotides as described previously (Suda et al., 1996) .
RNA probes and whole-mount in situ hybridization
Embryos were dissected into PBS and fixed overnight at 4°C in 4% paraformaldehyde (PFA) in PBS. Then they were gradually dehydrated in methanol/PBT (PBS-0.1% Tween-20) up to 100% methanol and stored at −20°C. The protocol for whole mount in situ hybridization of embryos was as described (Wilkinson, 1993) , using single-stranded digoxigenin-UTP-labeled (Boehringer Mannheim) RNA probes. The probes used were as described for Wnt1 (McMahon and Bradley, 1990) , Wnt7b (Parr et al., 1993) , En1 and En2 , Pax2 (Dressler et al., 1990) , Pax6 (Walther and Gruss, 1991) , Fgf8 (Crossley and Martin, 1995) , Emx2 (Yoshida et al., 1997) , Otx1 and Otx2 (Matsuo et al., 1995) , Gbx2 (Bulfone et al., 1992) , Krox20 (Wilkinson et al., 1989) .
Histological analysis
Mouse embryos were fixed with Bouin's fixative solution at room temperature for 18-24°h, dehydrated, and embedded in paraplast. Serial sections (8 mm thick) were made and stained with Hematoxylin and Eosin or with 0.1% cresyl violet (Sigma).
